ABSTRACT: Lead halide perovskite nanocrystals (NCs) have emerged as attractive nanomaterials owing to their excellent optical and optoelectronic properties. Their intrinsic instability and soft nature enable a post-synthetic controlled chemical transformation. We studied a ligand mediated transformation of presynthesized CsPbBr 3 NCs to a new type of lead−halide depleted perovskite derivative nanocrystal, namely Cs 4 PbBr 6 . The transformation is initiated by amine addition, and the use of alkyl-thiol ligands greatly improves the size uniformity and chemical stability of the derived NCs. The thermodynamically driven transformation is governed by a two-step dissolution−recrystallization mechanism, which is monitored optically. Our results not only shed light on a decomposition pathway of CsPbBr 3 NCs but also present a method to synthesize uniform colloidal Cs 4 PbBr 6 NCs, which may actually be a common product of perovskite NCs degradation. P ostsynthetic chemical transformations, such as ion-exchange reactions, 1 galvanic replacement, 2 or the nanoscale Kirkendall effect, 3 can be easily realized in colloidal nanocrystals (NCs) due to their high surface-to-volume ratios and short diffusion path lengths. These transformations give access to a myriad of novel structures that are difficult or impossible to synthesize directly. Lead−halide perovskite NCs including organic−inorganic hybrid perovskites, CH 3 NH 3 PbX 3 (X = Cl, Br, I), 4 and all-inorganic perovskites, CsPbX 3 , 5 have emerged as attractive optoelectronic semiconductors. Ion-exchange transformations have been successfully applied to create various halide compositions of perovskite NCs owing to the high migration mobility of the halide anions.
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The ionic nature of lead halide perovskites results in their chemical instability in polar solvents. 7 As a result, it is also more challenging to find the right conditions for exchanging their surface ligands compared to traditional II−VI, III−V, and IV−VI semiconducting NCs, commonly leading to crystal degradation. Understanding the degradation mechanism of these NCs is therefore a prerequisite for implementation in real-life applications. Meanwhile, the "soft nature" (high ion mobility 8 and dynamic surface ligand binding 9 ) of lead perovskite NCs position them as interesting candidates for studying chemical and crystallographic transformations.
Two stable compounds exist in the phase diagram of a mixed system of CsX−PbX 2 (X = Cl, Br), the incongruent ternary compounds Cs 4 PbX 6 and the congruent compounds CsPbX 3 .
10
The different crystal structures of CsPbX 3 and the lowersymmetry, lead−halide depleted Cs 4 PbX 6 are highlighted in Figure 1 . In Cs 4 PbX 6 , the PbBr 6 4− octahedra are separated by Cs + (2) trigonal prisms (there are two distinct kinds of Cs + ions in Cs 4 PbX 6 crystal, marked as (1) and (2)), forming onedimensional [CsPbX 6 ] n 3− chains. These chains are further isolated from each other by Cs + (1) distorted dodecahedra (Figure 1b,c) . 11 In contrast, CsPbX 3 possesses a higher symmetry simple cubic structure with connected corner-sharing PbBr 6 4− octahedra ( Figure 1a ). Although there have been several reports on bulk Cs 4 PbX 6 , 10b,12 Cs 4 PbX 6 NCs are less investigated, with only several reports 13 published during the review of this paper.
In this work, we represent a new type of chemical transformation from presynthesized CsPbBr 3 NCs to a lead− halide depleted perovskite derivative Cs 4 PbBr 6 NCs. This transformation is governed by a two-step dissolution−recrystallization mechanism and mediated by alterations in the ligand shell environment. We study the effect of oleylamine (OLA) and various alkyl thiols. We find that OLA is essential to trigger the process, presumably facilitating the decomposition of CsPbBr 3 NCs through "ligand-assisted exfoliation".
14 Upon recrystallization, the presence of alkyl-thiol ligands will greatly improve the size uniformity and chemical stability of the derived Cs 4 PbBr 6 NCs. We report the degradation pathway of CsPbX 3 NCs and present a new method to access stable uniform Cs 4 PbBr 6 NCs.
Synthesis of CsPbBr 3 NCs was performed according to published protocols. 5a The transformation process was carried out under ambient conditions at room temperature (Supporting Information (SI)). We found that the photoluminescence (PL) of initially bright CsPbBr 3 NCs was quenched upon adding alkyl thiols together with a trace amount of OLA. The emission loss is correlated with a morphological transformation from CsPbBr 3 nanocubes to polygonal NCs (Figure 2a The transformed Cs 4 PbBr 6 NCs exhibit very different optical properties compared with the initial CsPbBr 3 NCs, showing two sharp absorbance peaks at 220 and 313 nm (Figures 2e and S2 ). These absorbance features match well with those of bulk thin film, which have been confirmed as the localized 6s 1/2 −6p 1/2 transitions within the individual PbBr 6 4− octahedral separated by intervening Cs + ions. 11, 15 The solution is transparent across the visible spectrum, presenting a distinctly colorless appearance (Figure 2e insert) . Furthermore, room-temperature emission centered at 375 nm was observed upon 313 nm excitation, which is also in line with the optical measurements carried out on bulk Cs 4 PbBr 6 thin films at low temperature (4.2 K).
10b The luminescence quantum yield was reduced from as high as 70% Figure S3 ), this procedure produced pure Cs 4 PbCl 6 NCs which show sharp absorbance peaks at 285 nm, which is also consistent with previous reports on the pure bulk and NCs.
12a,13b However, we could not induce the transformation of CsPbI 3 NCs to Cs 4 PbI 6 NCs.
The effect of different amines on the transformation was also investigated ( Figure S4 ). Both 1-dodecanamine and 1-octylamine function similarly to OLA, giving Cs 4 PbBr 6 NCs with nearly the same average size. However, 1-butylamine only gives a product with a very weak absorbance (that is also hard to observe in the TEM), and aniline results in a partial transformation. Additionally, Cs 4 PbBr 6 NCs produced with shorter length thiols showed better stability than those with longer thiols. We further expanded the study of these transformations to also include alkyl dithiols with varying lengths. We observe all these can produce Cs 4 PbBr 6 NCs. However, the NCs formed by using dithiols show better stability than those with monothiols (same carbon-chain length) ( Figure S5 ). For example, Cs 4 PbBr 6 NCs formed by using 1-dodecanethiol will partly transform back to initial CsPbBr 3 NCs, as indicated by the appearance of a PL peak at around 510−520 nm and XRD testing ( Figure S6 ). In contrast, Cs 4 PbBr 6 NCs produced by 1,3-propanedithiol (PDT) remain stable in hexane for several months without the reverse transformation occurring. In the following, we will focus on Cs 4 PbBr 6 NCs created by PDT.
OLA was found to play a vital role in the transformation. As shown in Figure 3a , when we added OLA dropwise to the CsPbBr 3 NCs solution (PDT/Pb mol ratio =1300), the 492 nm absorption of CsPbBr 3 decreases with the concomitant increase of the 313 nm absorption arising from Cs 4 PbBr 6 NCs. The 
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Communication evolution of the absorbance at these two spectral positions are plotted in Figure 3b , showing inverse dependence on the OLA concentration. Before adding OLA, large amounts of PDT almost have no effect on the absorption spectrum (Figure 3a) , showing that the thiol cannot trigger the transformation unaided. However, the addition of PDT will cause reduction of the PL intensity of CsPbBr 3 NCs by about 80% (Figure 3c ). The progressive introduction of OLA initially restores the PL (OLA/ Pb < 0.84). However, excess OLA (OLA/Pb > 0.84) leads to reduction in the PL intensity, accompanied by blue-shifting and an increase in the full width half-maximum of the emission peak, suggesting the decomposition of the CsPbBr 3 NCs. After the transformation and isolation of the Cs 4 PbBr 6 NCs, yellow precipitates were observed. Energy dispersive X-ray spectroscopy (EDS) analysis of these products detected only Pb, Br, and S signals, which suggested that the complex is primarily composed of PbBr 2 and thiols ( Figure S7) . Therefore, the transformation process can be outlined in Scheme 1.
We further investigated the thermodynamic boundaries of this transformation and found that pure excess OLA (more than 1000 times compared to the case with PDT) will also transform CsPbBr 3 to Cs 4 PbBr 6 NCs (Figures 3d and S8) . Markedly, the presence of PDT can largely reduce the amount of OLA required to trigger the transformation. This observation is rationalized by using hard−soft acid−base theory. Thiols bind strongly with PbBr 2 and precipitate it from solution, thermodynamically driving the reaction to the right side. Indeed, the immediate appearance of yellow precipitates when adding PDT to PbBr 2 solution supports this rationale. However, the size distribution and shape uniformity of the NCs produced by only OLA are of lower quality ( Figure S9 ). Moreover, NCs formed without thiols are less stable and decompose as confirmed by XRD and the loss of the sharp absorbance around 313 nm ( Figure S10 ). X-ray photoelectron spectroscopy (XPS), Fourier-transform infrared (FTIR), and nuclear magnetic resonance (NMR) were performed to study the surfaces of Cs 4 PbBr 6 NCs (produced by both OLA and PDT). High-resolution XPS testing shows the signals of sulfur, which can be assigned to bound thiolate and unbounded thiol (or sulfite) ( Figure S11b) . 17 Meanwhile, FTIR spectra showed drastic differences between Cs 4 PbBr 6 NCs and the initial CsPbBr 3 NCs ( Figure S12) . Specially, the peak around 800 cm −1 can be assigned to sulfur−metal bonds, 18 demonstrating that thiols serve as part of the capping ligands for the final Cs 4 PbBr 6 NCs, which may be the reason for the improvement in their stability.
To further probe the mechanism of this transformation, we performed a kinetic study to monitor the reaction progression. The result from the in situ UV−vis absorption study is presented in Figure 4a . After injecting a solution mixture of PDT and OLA to a hexane solution of CsPbBr 3 NCs, the absorbance decreases immediately across the whole spectral range due to the concentration reduction. Afterward, the transformation process can be divided into two steps. First, the absorbance at 492 nm decreases to a constant value, which indicates the decomposition of CsPbBr 3 NCs ( Figure S14a ). This process persists for about 18 s, during which the PL intensity fluctuates (decreasing, increasing and decreasing again). The PL intensity was completely quenched after 15−20 s (Figure 4c,d) , which matches well with the time scale (18 s) for the absorbance to reduce to a constant value. The second step involves the development of a peak at 313 nm and a broad spectral feature in the region centered at around 360 nm ( Figure S14b ). The duration of this step is about 240 s. We plotted the evolution of the absorbance at three spectral positions (313, 360, and 492 nm) as a function of time during the whole transformation process (Figure 4b ). The growing of the absorbance at 313 nm is concomitant with the decay of the 360 nm peak. A distinct isosbestic point appeared at 322 nm in the absorbance spectra (Figures 4a and S14b) . The kinetic study of the transformation process with only OLA shows almost the same trend but with a much slower decomposition of CsPbBr 3 NCs (200 s compared to 18 s in the presence of PDT; see Figure S15 ). , corresponding to a monolayer perovskite structure. 21 The existence of [PbBr 4 ] 2− intermediates could be supported by the small amounts of sheet structures observed in the crude solution after transformation during TEM testing ( Figure S16 ). The detailed mechanism of this process still requires further investigation and supporting data.
In conclusion, a ligand mediated controlled transformation of presynthesized CsPbBr 3 NCs to lead depleted perovskite derivative Cs 4 PbBr 6 NCs was reported. While OLA by itself can trigger this process, we have found that by adding alkyl-thiol ligands the size uniformity and chemical stability of the Cs 4 PbBr 6 NCs are greatly improved. This thermodynamic transformation process follows a two-step dissolution−recrystallization mechanism which we were able to resolve through optical spectroscopy. This postsynthetic chemical transformation is important in the greater context of improving the stability of lead−halide perovskites. Additionally, it serves as a practical method to achieve monodisperse Cs 4 PbBr 6 NCs, broadening the library of metal−halide perovskite nanomaterials. 
